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During the Anthropocene, humans are changing the
Earth system in ways that will be detectable for
millennia to come [1]. Biologically, these changes
include habitat destruction, biotic homogenization,
increased species invasions, and accelerated extinc-
tions [2]. Contemporary extinction rates far surpass
background rates [3], but they seem remarkably
low in plants [4, 5]. However, biodiversity is not
evenly distributed, and as a result, extinction rates
may vary among regions. Some authors have
contentiously argued that novel anthropic habitats
and human-induced plant speciation can actually in-
crease regional biodiversity [6, 7]. Here, we report on
one of the most comprehensive datasets to date,
including regional and global plant extinctions in
both biodiversity hotspots (mostly from Mediterra-
nean-type climate regions) and coldspots (mostly
from Eurasian countries). Our data come from re-
gions covering 15.3% of the Earth’s surface and
span over 300 years. With this dataset, we explore
the trends, causes, and temporal dynamics of recent
plant extinctions. We found more, and faster accrual
of, absolute numbers of extinction events in biodiver-
sity hotspots compared to coldspots. Extinction
rates were also substantially higher than historical
background rates, but recent declines are evident.
We found higher levels of taxonomic uniqueness be-
ing lost in biodiversity coldspots compared to hot-
spots. Causes of plant extinctions also showed
distinct temporal patterns, with agriculture, inva-
sions, and urbanization being significant drivers inhotspots, while hydrological disturbance was an
important driver in coldspots. Overall, plant extinc-
tions over the last three centuries appear to be low,
with a recent (post-1990) and steady extinction rate
of 1.26 extinctions/year.
RESULTS AND DISCUSSION
Extinction Rates and Trends
To assess general trends and dynamics of processes underlying
recent plant extinctions, we expanded upon the International
Union for Conservation of Nature’s (IUCN) current list of 153
global vascular plant extinctions [8], using data from regional
and country-specific Red Lists, Red Data Books, and expert sur-
veys, covering floras from both biodiversity hot- and coldspots
(Tables S1 and S2; Figure S1). Our data included floras from
ten hotspots (California Floristic Province, Cape Floristic
Region, ChileanWinter Rainfall and Valdivian Forests, Mediterra-
nean Basin, Maputuland-Pondoland-Albany, New Zealand,
Easter Island as part of Polynesia-Micronesia, Southwest
Australian Floristic Region, Succulent Karoo, Sri Lanka as part
of the Western Ghats, and Sri Lanka hotspot) and six coldspots
(Chile—excluding areas that politically belong to the country but
are declared biodiversity hotspots, England, Germany, Russia,
Ukraine, and Uzbekistan). In total, these regions represent
around 15.3% of the globe’s land surface (Figure S1). Both
global (i.e., EX/EW) and regional (RE sensu IUCN) extinctions
were included. The latter was only included when they led to
the extinction of a particular species from a biodiversity hot- or
coldspot region considered here. In three instances, extinction
of the same species was documented in two coldspot regions:
Crassula aquatica and Najas flexilis (England and Germany)
and Subularia aquatica (Germany and Ukraine). Despite obvious
shortcomings, we argue that regional extinctions still provide
valuable data to make general inferences around plant
Figure 1. Plant Extinctions over the Last 300 Years for Biodiversity
Hotspots (Red Lines, n = 157), Coldspots (Blue Lines; n = 107), and
Hot- and Coldspots Combined (Black Lines; n = 264)
(A) Cumulative number of documented extinction events since 1700. Gray
dots indicate recorded extinction events and curve-fitted polynomial GLM-
Poisson regressions from our modeling approach (see Supplemental Infor-
mation for details). The cumulative proportion of lost hotspot and coldspot
plant diversity is indicated by red and blue shaded area graphs, respectively, in
the background.
(B) Annual extinction rate (i.e., number of extinctions per year).
(C) Annual extinction rate presented in a logarithmic scale for comparison with
the background extinction rates calculated for biodiversity hotspots (dashed
red line: calculation based on number of all plant species in the corresponding
hotspots) and coldspots (dashed blue line: calculation based on number of all
plant species in the corresponding coldspots; see Supplemental Information
for details). Please note that these graphs only include extinction events for
which the date of extinction is known (for 27 extinctions, these data were
unavailable). Asterisks in Figure 1A indicate the total number of extinctions
when including these extinction events lacking dates (18 for hotspots and 9 for
coldspots).
Please see also Figure S1 and Tables S1 and S2.extinctions and that the drivers underlying these extinctions are
likely representative of those faced by plants across their distri-
butional ranges.
While a recent study documented more than 500 globally
extinct plant species [9], our dataset is remarkable in that for
most of the 291 extinctions we identified, we were able to
obtain information on: the number of years since extinction
(n = 264), reason(s) for extinction (11 non-exclusive categories,
together with a category for multiple reasons as well as un-
known reasons; Figures 2 and 3; Tables S1 and S3), a measure
of lost taxonomic uniqueness (i.e., proportion of genus lost per
extinction event), and life-form (see STAR Methods). Our data
show that extinction rates for both hotspots and coldspots
accelerated since the Industrial Revolution (Figure 1B). The
Industrial Revolution resulted in rapid increases in human pop-
ulation sizes and densities, in part due to higher longevity as af-
forded by better living conditions, especially in Eurasia and
North America. This period also coincided with an increased
need for raw materials for construction and manufacturing,
leading to high levels of habitat destruction through infrastruc-
ture development, the introduction of exotic species [10], and
the rapid expansion of forestry and agricultural areas [11, 12].
Cumulative extinctions (CumExt) accelerated for both hotspots
(HS) and coldspots (CS) from 1750 to present (Figure 1A) (GLM:
CumExt Exp[a + b*year + c(HS versus CS) + d*year*c(HS
versus CS)]; Efron’s Pseudo R2 = 0.868; b = 0.0139 ± 0.0002,
Z = 61.2143, p < 0.0001), but faster for hotspots (c =
1.6743 ± 0.1265, Z = 13.2391, p < 0.0001) with the rising rate
occurring later in coldspots than in hotspots (d = 0.0031 ±
0.0005, Z = 6.5932, p < 0.0001). Indeed, we expected biodiver-
sity hotspots to have disproportionally higher numbers and
faster rates of plant extinction events compared to coldspots
due to their high levels of endemism and diversity, usually
confined to small and unique geographic areas [13]. Plant
extinctions peaked half a century later in coldspots than in hot-
spots (1974 versus 1921) (Figure 1B), likely as a result of lower
levels of endemism in these areas, which, in turn, are usually
linked to wider geographic distributions and therefore generally
less susceptibility to extinction [14]. As the 114 RE events
predominantly occurred in coldspots (76.3%), removing these
records led to a rather similar estimate of the extinction rate
in hotspots (peaking at 1.47 E/Y in 1921) and a continuously ris-
ing, but much lower, extinction rate in coldspots (< 0.2 E/Y).
Current estimates of background extinction rates (BERs:
typical rates of extinction during the planet’s geological and
biological history, prior to human influence) vary around 0.1
(between 0.05 to 0.15) extinctions per million species years
(E/MSY) [3, 15, 16] and would, for the biodiversity hotspots
included here, translate to 0.00701 E/Y (Figure 1C; Table S2;
STAR Methods). For biodiversity hotspots, we estimated the
extinction rate to be 0.036 E/Y in 1750, or 5.1 times that of
the estimated hotspot BER, jumping to 0.321 E/Y or 45.8 times
the BER in 1850. In 1921, the extinction rate for biodiversity
hotspots reached its peak: 1.65 E/Y or 235.4 times the BER
(i.e., 23.5 E/MSY) and declined in the 1970’s from 0.540 to
0.437 E/Y or from 77.0 to 62.3 times the BER (extinction rates
calculated as the derivative of the 7th order GLM fitted cumula-
tive rate of extinction). These rates correspond well with
another recent estimate for global plant extinctions [9] and
are still at least one order of magnitude lower than previous es-
timates of between 1,000 to 10,000 times the BER (e.g., [17]).
For the biodiversity coldspots considered in this study, a BER
of 0.1 would translate to 0.00279 E/Y, which is 2.4 times lower
than that for hotspots (Figure 1C; Data S1; STAR Methods). In
1921, when the extinction rate peaked in hotspots, the extinc-
tion rate for coldspots was 0.636 E/Y or 228 times the BER (i.e.,
22.8 E/MSY), and it reached its maximum in 1974 with an esti-
mated rate of 0.987 E/Y or 353.8 times the BER (i.e., 35.4
E/MSY, Figure 1C). After 1974, extinction rates for biodiversity
coldspots decelerated to around 0.670 E/Y or 240 times the
BER (Figure 1).
We did not find the overall plant extinction rate to increase
linearly over time, but rather to fluctuate, mainly due to the
extinction dynamics in the biodiversity hotspots. The initial
extinction peak in hotspots in 1921 was followed by a decline
until around 1980. After 1980, hotspot extinction rates appear
to remain constant (Figure 1). While it is difficult to explain these
fluctuations, it is conceivable that a combination of global so-
cio-economic trends and, to some extent, conservation-related
policies may partially be responsible for the patterns. The first
half of the 20th century coincides with a dramatic increase in
human populations, higher land use, and disturbance of natural
ecosystems, notably along coastal regions such as in the Med-
iterranean Basin. This likely led to regional and global extinc-
tions of many plants. By the 1950s (our extinction peak in
1921 in hotspots), there was a marked decline of domesticated
land use (cities, croplands, heavily managed grazing lands),
accompanied by the migration of people from rural to urban
areas [18]. The trend of declining domesticated land use largely
reflects the modernization of agriculture, focused on more
intensive production in the most favorable environments. Sec-
ond, and more recent, the implementation of policies concern-
ing environmental health, initially including the extensive appli-
cation of environmental measures to reduce air and water
pollution, and later the implementation of biodiversity conserva-
tion measures, may have led to further declines in plant extinc-
tions. The establishment of protected areas occurred long
before the adoption of most conservation policies and treaties,
with marked expansions of protected areas globally since the
1970s [19]. These areas substantially restrict human perturba-
tion within their boundaries and, if well planned and managed,
are generally much more effective in preventing plant extinc-
tions than individual conservation policies [20, 21]. Lastly, any
predictions in ecology are only as good as the data at hand.
Therefore, a lack of updated biodiversity assessments may
have contributed to changes in plant extinction rates observed
here and certainly to the supposed recent declines in extinction
rates.
Causes of Extinction
Traditionally, habitat destruction and overexploitation have been
put forward as main drivers of global extinctions across taxo-
nomic groups, followed by the impacts of invasive species
[22, 23]. We found the main drivers of plant extinctions in hot-
spots, based on raw count data, to be ranked as agriculture
(26.9%), urbanization (23.4%), invasive species (13.7%), and
grazing (12.6%), with 29.7% of all extinctions resulting frommul-
tiple causes (Figure 2; Table S1). Our results suggest that habitatdestruction and land-use changes, mainly induced by urbaniza-
tion and agriculture, are themajor causes of plant extinction, well
ahead of biological invasions. Previous analyses based on IUCN
data ranked drivers of plant extinction as: agriculture > biological
resource use (overexploitation) > urbanization > invasive species
[22]. Blackburn et al. [24] recently found that for the 153 plant ex-
tinctions listed by the IUCN, 25.5% resulted, in part or solely,
because of the impacts of invasive species. Based on the n-or-
der polynomial GLM-logistic regression, biological invasions
are undeniably an important contributing cause of extinctions,
with clear temporal trends for plant extinctions in hotspots, rising
to contributing to 19.6% of extinctions in 1819 (first peak) but
then declining to only contributing 3.02% by 1884, followed
by a steady increase reaching a second peak of 14.6% in
1957 and then steady declines to contributing < 1% after 2008
(Figure S2 for annual extinction rate; see also Figure 3 for
decadal extinction rate based on raw counts). Invasions are
often passengers rather than drivers of biodiversity loss and
may therefore simply be symptomatic of other extinction-
causing disturbances [25]. They are, nevertheless, often the
sole drivers of plant extinction [24], often from exotic animals
that trample or consume plants [26]. In contrast to those in biodi-
versity hotspots, the main drivers of extinction in coldspots,
based on raw counts (Table S1), can be ranked as: hydrological
disturbance (18.1%), agriculture and habitat degradation (13%
each), urbanization (7.8%), and grazing (6%), with 18.1% of all
extinctions resulting from multiple drivers (Figure 2). Biological
invasions only contributed to 0.9% of coldspot extinctions dur-
ing this period (Figure 2). Based on the n-order polynomial
GLM-logistic regression, hydrological disturbance (e.g., dam
building) drove three waves of coldspot extinctions, with the first
peak in 1831 (32.1%), second in 1909 (21.8%), and third in 1986
(19.2%), but declined to less than 1% after 2006 (Figure S2;
see also Figure 3 for decadal extinction rate based on raw
counts). Urbanization became an important driver of extinction
in coldspots (mostly old-world regions) during pre-1840 and
1961–1989 (annual contribution > 10%); it was an important
driver of extinction much earlier in hotspots (mostly new-world
regions) during 1771–1806, 1885–1912, and post-1994 (annual
contribution > 15%; Figure S2), reflecting the time lag in develop-
ment between regions. One should bear in mind that drivers of
extinction, as defined here, remain subjective black boxes, often
lacking robust empirical support. These drivers may simply be
symptomatic of broader, more complex, and multi-dimensional
processes such as habitat destruction and high levels of distur-
bance. For example, hydrological disturbance, agriculture, and
urbanization would all contribute to habitat loss and disturbance.
Importantly, based on raw counts, we could not identify causes
of extinction for 37.7% of hotspot and 51.7% of coldspot taxa
included here. Despite these shortcomings, we argue that our
attempt to disentangle the relative contribution of different
extinction drivers do provide insights on temporal dynamics
of different processes underlying these broader processes that
ultimately lead to the same outcome.
Taxonomic Uniqueness and Life-Forms
Do biodiversity hotspots and coldspots differ in the amount
of taxonomic uniqueness they lose to extinction? When
answering this question, one needs to keep in mind that
Figure 2. Primary Drivers of Anthropocene Plant Extinctions andPlant Life-Forms Affected by These Events for Overall, Biodiversity Hotspot,
and Biodiversity Coldspot Floras
Graphs in the first column (A, C, and E) show the proportions of identified drivers in these floras. Please note that multiple drivers were found for 18.1% and 29.7%
of the coldspot and hotspot extinctions, respectively (not shown here). The panels in the second column (B, D, and F) provide information on the proportional
make-up of life-forms affected by extinctions events. Please see also Figure S1 and Tables S1, S2 and S3.species numbers alone do not fully account for evolutionary di-
versity. Yet, the use of species-based metrics (e.g., richness)
remains the primary approach in defining biodiversity hotspots.
However, because evolutionary history is unequally distributed
between taxa and areas [27], extinctions represent not only the
loss of a species per se but also the loss of potentially unique
phylogenetic diversity. A recent study found modern plant ex-
tinctions to be randomly distributed among evolutionary line-
ages [9]. We found higher losses of taxonomic uniqueness in
coldspots compared to hotspots (Welch t test, t = 3.35, df =
147.62, p = 0.001; mean of 31.62% and 16.22% of all species
within a genus lost due to extinction in cold- and hotspots
respectively), which may reflect the generally lower number of
species contained in the coldspot genera included here
compared to those in hotspot genera (Kruskal-Wallis test,
c2 = 18.28, df = 1, p < 0.001; mean of 31.85 versus 56.10number of species per genus in cold and hotspots, respec-
tively). A null model based on random selections of hot- and
coldspot taxa (1,000 permutations) confirmed that losses of
taxonomic uniqueness were higher in the latter than in hotspots
(p < 0.05). We found numerous instances of extinctions of
monospecific genera in coldspots (e.g., Podophorus bromoides
in Chile, Trilepidea adamsii in New Zealand, Amphoricarpos el-
egans in Russia, Echinophora sibthorpiana, Subularia aquatica,
Ludwigia palustris, Zingeria biebersteiniana in Ukraine), or even
families, such as the Scheuchzeriaceae following the extinction
of Scheuchzeria palustris in England. As it is generally accepted
that larger floras will harbor disproportionally more species per
genus than smaller floras [28], the higher loss of taxonomic
uniqueness in biodiversity coldspots may be unsurprising.
However, when we considered the floras for some of the re-
gions included here (ncoldspot = 5; nhotspot = 6, Table S2), we
Figure 3. PrimaryDrivers of Plant Extinctions over the Last 300Years
Shown as Area Graphs to Visualize the Temporal Changes in the
Relative Contribution of the 11 Identified Primary Extinction Causes
Temporal dynamics for each extinction driver are shown for (A) overall, (B)
biodiversity hotspot, and (C) biodiversity coldspot floras. To aid visualization,
dates of extinction events are shown in decadal increments and extinctions for
which no reason could be identified in the literaturewere excluded. Please note
thatmultiple extinctioncauseswere found for 18.1%and29.7%of thecoldspot
and hotspot extinctions, respectively (not shown here). See also Tables S1, S2
and S3; Data S1; and Figure S1; see also Figure S2 for annual rates.found no difference in the average number of species per
genus between hot- and coldspots (Kruskal-Wallis test, c2 =
0.80, df = 1, p = 0.37; mean of 4.9 versus 5.6 number of spe-
cies per genus in cold and hotspots, respectively). Our data
also suggest that overall, hemicryptophytes appear to be a
particularly extinction-prone life-form (contributing to 57.8%of coldspot extinctions, 30.3% of hotspot extinctions, and
41.2% of all extinctions [Figure 2]). Hemicryptophytes are
over-represented in boreal and arctic habitats and, to some
extent, at higher elevations. On the other hand, this life-form
is generally less common at lower elevations in, for example,
Mediterranean areas, where therophytes are more common
[29]. Therefore, our findings suggest that hemicryptophytes in
hotspots, especially Mediterranean-type climate regions (e.g.,
California Floristic Province, Cape Floristic Region, Mediterra-
nean Basin), may be more prone to extinction than other life-
forms. In coldspots, therophytes were the second most com-
mon extinct life-form (19.0%; Figure 2), while chamaephyte
extinctions were the second most common life-form in hot-
spots (28.0%; Figure 2) as well as overall (17.2%; Figure 2).
Chamaephytes also seem to be more than ten times more
vulnerable to extinction in hotspots than in coldspots (Figure 2).
Back to Extinction Rates and Trends
Generally, the march toward extinction is slow for plants [4].
Some plants are among the longest-living organisms and many
can persist in low densities due to, among other, adaptations
for autonomous reproduction, long-lived seeds, and long
dormancy periods. Plants also often persist locally, even under
prolonged periods of unfavorable environmental conditions,
e.g., in refugia [30]. Our future predictions of plant extinctions,
like previous estimates, may reflect a skewed picture of reality.
Assuming the same steady extinction rate of 1.26 E/Y [stan-
dard deviation = 0.0095; = 13.3 E/MSY = 133 times the BER] in
our data after 1990 (Figure 1), we predict, from 2014, that an
additional 21 plant species will go extinct by 2030 in our study re-
gions, 47 species by 2050, and 110 species by 2100. This is in
stark contrast to the general idea that as much as ‘‘.half of all
[plant] species.. may disappear within the remainder of this
century’’ (ca. 58,784 times the BER [31]), which would translate
into >49,000 extinctions in the regions included here over the
next ca. 80 years, which seems unlikely, bar a cataclysmic event
such as an asteroid strike!
Previous estimates of extinction rates are highly variable [3].
On the one hand, plants previously thought to be extinct are
often rediscovered [9, 32], while on the other, critical and accu-
rate data on plant extinctions are often non-existent. For
example, none of the 17 globally extinct plant taxa in California
were listed among endangered or extinct taxa in the IUCN’s
2017 Red List [32], while for the same area, four globally extinct
species were missing, and one erroneously listed as rediscov-
ered, in the most recent global analysis of modern plant extinc-
tions [9]. Notwithstanding the lack of comprehensive and accu-
rate data, the disjunction between extinction and dramatic
population declines also means that extinction is often a long
game for plants, with many species able to persist under
extremely low numbers [4, 33, 34]. The ability of plants to
‘‘hang in there’’ has been described as analogous to functional
extinction [35] and therefore high extinction debt [33]). Impor-
tantly, as primary producers, the loss of plant species is also ex-
pected to cause co-extinctions of organisms that rely on them,
i.e., consumers [36]. A recent analysis on plant-seed disperser
and plant-pollinator interaction networks found that plant extinc-
tions are more likely to trigger animal co-extinctions than vice
versa [37]. It is therefore important to consider mutualistic
interactions when predicting extinction risk in the face of global
change [38]. Extinction debt, in other words, those plant species
hanging in there, makes the real number of future extinctions
likely to surpass the 1.26 extinctions per year estimated here.
Given the scarcity of available global data and the urgent need
for updated plant inventories [39, 40], our analyses are likely bio-
geographically skewed. Factors like differential intensity of biodi-
versity research in the regions included here (e.g., Europe versus
South America), the disproportionate representation of hot- and
coldspots, the fact some species may have gone extinct before
their discovery (especially in biodiversity hotspots), and the com-
plex nature, and often unknown reasons for extinctions (37.7% in
hotspots versus 51.7% in coldspots, Figures 2 and Table S1),
may have all limited our inferences. For example, some of the
hottest plant biodiversity hotspots, like Madagascar, were not
included in our analysis because of a crucial lack of data related
to species extinction.
It is likely that extinction drivers operate differently in different
ecoregions of the world and even in the same area due to polit-
ical and socio-economic factors and temporal dynamics under-
lying these. Despite this, our data suggest that the relative impor-
tance of existing plant extinction driversmay change over time or
that novel drivers may emerge, especially under conditions of
rapid global change [41]. In the near future, utilization > urbaniza-
tion > hydrological disturbance and habitat destruction will
remain the primary drivers of plant extinctions in hotspots, while
the main drivers in coldspots are largely unknown but with
certain impacts from habitat destruction.
Concluding Remarks
Along with previous estimates suggesting 20% of the world’s
plants to be threatened by extinction [23], the recently released
IPBES report paints a depressing picture of global biodiversity.
Yet, in our study, we found surprisingly few documented plant
extinctions (i.e., 291 global or regional extinction events, but
see [9]) and that these accrued at rates much lower than previ-
ously thought. Plants may represent a particularly challenging
taxon to unambiguously claim extinction, given their often-
inconspicuous presence in the environment and the difficulties
associated with locating the last-living individuals or propagules.
Our glimpse into thecauses and trends in plant extinctions over
the last three centuries left us with more questions than answers.
The only way to better understand the magnitude of, and pro-
cesses driving, the extinction crisis facedby plants, and biodiver-
sity in general, is to urgently initiate regional- (preferably based
upon a biogeographical framework) or at least country-level
biodiversity assessments and to update existing ones. This
needs to be done using standardized methodologies document-
ing not only specific reasons for extinction but also key functional
and life-history traits (e.g., breeding system, pollination ecology,
seed crop sizes, seedbank persistence). Such assessments will
be vital to more accurately infer the main drivers and trends of
plant extinctions during the Anthropocene and to make informa-
tive forecasts about the future and preservation of Earth’s flora.
STAR+METHODS
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cub.2019.07.063.
ACKNOWLEDGMENTS
We thank Mark Wright for insightful comments provided on a previous draft of 
the manuscript. J.L.R. acknowledges funding from Macquarie University’s 
Faculty of Science and Engineering and Department of Biological Sciences. 
F.A.Y. and H.H. acknowledge the financial support of the Stellenbosch Univer-
sity’s DST-NRF Centre of Excellence for Invasion Biology (C.I.B.) and the 
Working for Water Programme through the collaborative research project on 
‘‘Research for Integrated Management of Invasive Alien Species.’’ J.M.I. ac-
knowledges the financial support of the Ministry of Science, Innovation and 
Universities of Spain (CGL2016-77377-R). J.L.R and M.L.C acknowledge 
funding from the Swiss Programme for Research on Global Issues for Devel-
opment (r4d), funded by the Swiss National Science Foundation (SNSF) and 
the Swiss Agency for Development and Cooperation (SDC), for the project 
‘‘Woody invasive alien species in East Africa: Assessing and mitigating their 
negative impact on ecosystem services and rural livelihood’’ (grant number: 
400440_152085). C.H. is supported by the South African Research Chair Initia-
tive (SARChI), National Research Foundation (NRF grants 89967 and 109244), 
and the Australian Research Council (Discovery Project DP150103017). We 
thank K. Atkins, S. Barrett, P. Gioia, and S.M. Smith (Department of Biodiver-
sity, Conservation and Attractions, Government of Western Australia); S.D. 
Hopper (Centre of Excellence in Natural Resource Management and School 
of Biological Sciences, The University of Western Australia); A. Marticorena 
(Departamento de Bota´ nica, Universidad de Concepcio´ n); D. Metzing (Federal 
Agency for Nature Conservation, Germany); P. Stroh and K. Walker (Botanical 
Society of Britain and Ireland); and E. Welk (Department of Geobotany and 
Botanical Garden, Martin-Luther University Halle-Wittenberg, Germany) for 
their help in compiling regional plant extinction datasets. We thank senior ed-
itor, Anne Knowlton, and three anonymous reviewers for their valuable feed-
back on previous drafts of this manuscript.
AUTHOR CONTRIBUTIONS
The ideas for this paper resulted from initial discussions between J.L.R., H.H., 
F.A.Y., J.-H.K., G.T., and M.L.C. J.L.R. and H.H. led the writing of the manu-
script. M.R., H.H., J.-H.K., F.A.Y., M.L.C., G.T., A.A.K., J.M.I., and F.M. 
compiled data. C.H. and H.H. analyzed data and contributed to the interpreta-
tion of results. All authors discussed the results and contributed to the writing 
of the final manuscript.
DECLARATION OF INTERESTS
The authors have no competing interests to declare.
REFERENCES
1. Waters, C.N., Zalasiewicz, J., Summerhayes, C., Barnosky, A.D., Poirier,
C., Ga1uszka, A., Cearreta, A., Edgeworth, M., Ellis, E.C., Ellis, M., et al.
(2016). The Anthropocene is functionally and stratigraphically distinct 
from the Holocene. Science 351, aad2622.
2. Winter, M., Schweiger, O., Klotz, S., Nentwig, W., Andriopoulos, P., 
Arianoutsou, M., Basnou, C., Delipetrou, P., Didziulis, V., Hejda, M., et al. 
(2009). Plant extinctions and introductions lead to phylogenetic and 
taxonomic homogenization of the European flora. Proc. Natl. Acad. Sci. 
USA 106, 21721–21725.
3. Pimm, S.L., Jenkins, C.N., Abell, R., Brooks, T.M., Gittleman, J.L., Joppa,
L.N., Raven, P.H., Roberts, C.M., and Sexton, J.O. (2014). The biodiversity 
of species and their rates of extinction, distribution, and protection. 
Science 344, 1246752.
4. Cronk, Q. (2016). ECOLOGY. Plant extinctions take time. Science 353, 
446–447.
5. Downey, P.O., and Richardson, D.M. (2016). Alien plant invasions and 
native plant extinctions: a six-threshold framework. AoB Plants 8, plw047.
6. Thomas, C.D. (2013). The Anthropocene could raise biological diversity. 
Nature 502, 7.
7. Thomas, C.D. (2015). Rapid acceleration of plant speciation during the 
Anthropocene. Trends Ecol. Evol. 30, 448–455.
8. IUCN (2018). The IUCN Red List of threatened species. Version 2018-2. 
https://www.iucnredlist.org.
9. Humphreys, A.M., Govaerts, R., Ficinski, S.Z., Lughadha, E.N., and 
Vorontsova, M.S. (2019). Global Dataset Shows Geography and Life 
Form Predict Modern Plant Extinction and Rediscovery. Nat. Ecol. Evol.
10. Hulme, P.E. (2009). Trade, transport and trouble: managing invasive spe-
cies pathways in an era of globalization. J. Appl. Ecol. 46, 10–18.
11. Turner, B.L., Clark, W.C., Kates, R.W., Richards, J.F., Mathews, J.T., and 
Meyer, W.B. (1990). The Earth as Transformed by Human Action: Global 
and Regional Changes in the Biosphere over the Past 300 Years 
(Cambridge University Press).
12. Bulliet, R.W., Crossley, P.K., Headrick, D.R., Hirsch, S.W., Johnson, L.L., 
and Northrup, D. (2014). The Earth and Its Peoples – A Global History, Sixth 
Edition (Cengage Learning, Nelson Education Ltd.).
13. Brooks, T.M., Mittermeier, R.A., Mittermeier, C.G., Fonseca, G.A.B., 
Rylands, A.B., Konstant, W.R., Flick, P., Pilgrim, J., Oldfield, S., Magin, G., 
et al. (2002). Habitat loss and extinction in the hotspots of biodiversity. 
Conserv. Biol. 16, 909–923.
14. Darrah, S.E., Bland, L.M., Bachman, S.P., Clubbe, C.P., and Trias-Blasi, A.
(2017). Using coarse-scale species distribution data to predict extinction 
risk in plants. Divers. Distrib. 23, 435–447.
15. Vellend, M., Baeten, L., Becker-Scarpitta, A., Boucher-Lalonde, V., 
McCune, J.L., Messier, J., Myers-Smith, I.H., and Sax, D.F. (2017). Plant 
biodiversity change across scales during the Anthropocene. Annu. Rev. 
Plant Biol. 68, 563–586.
16. Gray, A. (2018). The ecology of plant extinction: rates, traits and island 
comparisons. Oryx 1-5, https://doi.org/10.1017/S0030605318000315.
17. Pimm, S.L., and Joppa, L.N. (2015). How many plant species are there, 
where are they, and at what rate are they going extinct? Ann. Mo. Bot. 
Gard. 100, 170–176.
18. Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., and Ludwig, C.
(2015). The trajectory of the Anthropocene: the great acceleration. 
Anthropocene Rev. 2, 81–98.
19. Watson, J.E., Dudley, N., Segan, D.B., and Hockings, M. (2014). The per-
formance and potential of protected areas. Nature 515, 67–73.
20. Le Saout, S., Hoffmann, M., Shi, Y., Hughes, A., Bernard, C., Brooks, T.M., 
Bertzky, B., Butchart, S.H.M., Stuart, S.N., Badman, T., and Rodrigues, 
A.S. (2013). Conservation. Protected areas and effective biodiversity con-
servation. Science 342, 803–805.
21. Akasaka, M., Kadoya, T., Ishihama, F., Fujita, T., and Fuller, R.A. (2017). 
Smart protected area placement decelerates biodiversity loss: a represen-
tation-extinction feedback leads rare species to extinctions. Conserv. 
Lett. 10, 539–546.
22. Bellard, C., Cassey, P., and Blackburn, T.M. (2016). Alien species as a 
driver of recent extinctions. Biol. Lett. 12, 20150623.23. Royal Botanical Gardens Kew (2016). The state of the world’s plants 
-2016. Royal Botanic Gardens, Kew.
24. Blackburn, T.M., Bellard, C., and Ricciardi, A. (2019). Alien versus native 
species as drivers of recent extinctions. Front. Ecol. Environ. https://doi. 
org/10.1002/fee.2020.
25. MacDougall, A.S., and Turkington, R. (2005). Are invasive species the 
drivers or passengers of change in degraded ecosystems? Ecology 86, 
42–55.
26. Gurevitch, J., and Padilla, D.K. (2004). Are invasive species a major cause 
of extinctions? Trends Ecol. Evol. 19, 470–474.
27. Chao, A., Chiu, C.-H., and Jost, L. (2014). Unifying species diversity, 
phylogenetic diversity, functional diversity, and related similarity and dif-
ferentiation measures through Hill numbers. Annu. Rev. Ecol. Evol. Syst. 
45, 297–324.
28. Rejma´ nek, M. (1976). Centres of species diversity and centres of species 
diversification. In Evolutionary Biology, V.J.A. Nova´ k, and B. Pacltova´ , 
eds. (Czechoslovak Academy of Sciences), pp. 394–408.
29. Blumler, M.A. (2018). What is the ‘true’ Mediterranean-type vegetation? In 
Geographical Changes in Vegetation and Plant Functional Types, A. 
Greller, K. Fujiwara, and F. Pedrotti, eds. (Springer), pp. 117–139.
30. Medail, F., and Diadema, K. (2009). Glacial refugia influence plant diversity 
patterns in the Mediterranean Basin. J. Biogeogr. 36, 1333–1345.
31. Pimm, S.L., and Raven, P.H. (2017). The fate of the world’s plants. Trends 
Ecol. Evol. 32, 317–320.
32. Rejma´ nek, M. (2018). Vascular plant extinctions in California: a critical 
assessment. Divers. Distrib. 24, 129–136.
33. Tilman, D., May, R.M., Lehman, C.L., and Nowak, M.A. (1994). Habitat 
destruction and the extinctions dept. Nature 371, 65–66.
34. He, F., and Hubbell, S.P. (2011). Species-area relationships always over-
estimate extinction rates from habitat loss. Nature 473, 368–371.
35. Janzen, D.H. (2001). Latent extinctions – the living dead. In Encyclopedia 
of Biodiversity, S.A. Levin, ed. (Academic Press), pp. 689–699.
36. Strona, G., and Bradshaw, C. (2018). Co-extinctions annihilate planetary 
life during extreme environmental change. Sci. Rep. 8, 10.1038.
37. Schleuning, M., Fru¨ nd, J., Schweiger, O., Welk, E., Albrecht, J., Albrecht, 
M., Beil, M., Benadi, G., Blu¨ thgen, N., Bruelheide, H., et al. (2016). 
Ecological networks are more sensitive to plant than to animal extinction 
under climate change. Nat. Commun. 7, 13965.
38. Bascompte, J., Garcı´a, M., Ortega, R., Rezende, E., and Pironon, S.
(2019). Mutualistic interactions reshuffle the effects of climate change on 
plants across the tree of life. Sci. Adv. 5, eaav2539.
39. Joppa, L.N., Roberts, D.L., Myers, N., and Pimm, S.L. (2011). Biodiversity 
hotspots house most undiscovered plant species. Proc. Natl. Acad. Sci. 
USA 108, 13171–13176.
40. Treurnicht, M., Colville, J.F., Joppa, L.N., Huyser, O., and Manning, J.
(2017). Counting complete? Finalising the plant inventory of a global biodi-
versity hotspot. PeerJ 5, e2984.
41. Urban, M.C. (2015). Climate change. Accelerating extinction risk from 
climate change. Science 348, 571–573.
42. Mittermeier, R.A., Turner, W.R., Larse, F.W., Brooks, T.M., and Gascon, C.
(2011). Global biodiversity conservation: The critical role of hotspots. In 
Biodiversity Hotspots: Distribution and Protection of Conservation 
Priority Areas, F.E. Zachos, and J.C. Habel, eds. (Springer), pp. 3–22.
43. Kareiva, P., and Marvier, M. (2003). Conserving biodiversity coldspots: 
Recent calls to direct conservation funding to the world’s biodiversity hot-
spots may be bad investment advice. Am. Sci. 91, 344–351.
44. Marchese, C. (2015). Biodiversity hotspots: a shortcut for a more compli-
cated concept. Glob. Ecol. Conserv. 3, 297–309.
45. Raunkiær, C. (1934). The Life-Forms of Plants and Statistical Plant 
Geography (Oxford University Press), p. 632.
STAR+METHODSKEY RESOURCES TABLEREAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data
Dataset with compiled information on extinct plant species This paper Table S1
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This study did not generate new unique reagents and requests for other data resources should be directed to and will be fulfilled by
the Lead Contact, Johannes Le Roux (jaco.leroux@mq.edu.au).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
We identified biodiversity hotspots (HS) following Mittermeier et al. [42] and coldspots (CS) as regions falling outside these areas. CS
included in this study were mostly confined to the borders of individual countries, since the geographic demarcation of these is less
clear than for HS [43, 44]. We included all HS and CS for which we could gather or compile credible data on plant extinctions. Spe-
cifically, we compiled information on species extinctions using Red List, Red Data Books, IUCN data [8] and/or expert knowledge.
For some HS, no specific Red Lists were available (i.e., Mediterranean Basin and California Floristic Province). For these we com-
bined available Red Lists of the countries which fall within the hotspot region (e.g., Mediterranean Basin) for which local Red Lists
were available and combined such published data with inputs from local experts. In addition to documented global extinctions,
we also included regional extinctions (i.e., RE sensu IUCN) when they led to the extinction of a particular species from a biodiversity
hot- or coldspot region considered here. Overall, we were able to compile a comprehensive dataset with detailed information of plant
extinctions within ten biodiversity hotspots and six coldspots (Figure S1; Table S1).
METHOD DETAILS
We contacted experts on regional floras to verify all identified extinctions. To gather additional information for each extinction event,
we searched various data sources including online databases, scientific peer-reviewed literature, government reports, books and
herbaria (Table S2). Scientific names of plant species were standardized according to The Plant List (http://www.theplantlist.org/)
and we did not consider extinctions of subspecies in our analyses. For each extinct species we recorded, where possible: the
date of extinction (some of the earliest records were only indicated as decade or century (e.g., 1700s, 1850s, etc.), driver (reason/
cause) of extinction, number of species found in genus within the corresponding HS or CS (i.e., in the same genus as extinct species)
and Raunkiær life form [45]. Since different descriptions of extinction causes may refer to the same overall driver (e.g., urbanization
and development), we grouped these into 13 distinct categories that captured all information (see Table S3 and Data S1). For taxa
where dates of extinctions were given as century (e.g., 1700), we used the midpoint (e.g., 1750) in all statistical analyses.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were done in Mathematica 11.0 (Wolfram Research Inc.). First, we ran a Generalized Linear Model (GLM) with
Poisson distribution for the accumulated number of extinctions, with the nominal variable of CS/HS and date of extinction, as well as
their interaction as predictors.
We fitted an n-order polynomial GLM-Poisson regression for the accumulated number of extinction events over years (for total [n =
10, HS [n = 7] and CS [n = 3] separately); assuming that the logarithm of the expected value of the response variable can be modeled
by the n-order polynomial function of the independent variable [year]; n = 1 for the standard GLM-Poisson regression). For all extinc-
tions grouped together the following model was used, CumExt Exp[-0.07+0.04∙t-0.0006∙t2+3.88 3 106∙t3+7.03 3 109∙t4-
1.31 3 1010∙t5+3.95 3 1013∙t6-3.81 3 1016∙t7], where t is year-1699. For hotspot extinctions, the model CumExt Exp[0.11-
0.13∙t+0.005∙t2-0.00006∙t3+4.473 107∙t4-1.693 109∙t5+3.253 1012∙t6-2.53 1015∙t7] was used, and for coldspot the model
CumExt Exp[-7.82+0.08∙t-0.0001∙t2+5.13 3 108∙t3]. These model results are presented in Figure 1A. All three fits were extremely 
well, with Efron’s Pseudo R2 > 0.99. Note, the use of higher orders (a large n) in the regression, compared to the above hypothesis 
testing using GLM-Poisson regression with n = 1, was to ensure the accuracy for estimating the annual extinction rate (Figures 1B and 
1C) as the derivative (i.e., slope) of the fitted accumulation curves in Figure 1A. Results from this analysis were compared to current 
estimates of background extinctions rates (BER [3]). To calculate the BER for the biodiversity hotspots and coldspots considered 
here, a general BER of 0.1 extinctions per million species per year (E/MSY [15, 16]) was used. If the number of species in the biodi-
versity hotspots or coldspots (Table S2) is S, the corresponding background extinction rate at 0.1 E/MSY was calculated using the 
following formula: 0.1 x S/1000000. Further, we used a linear model to test the role of the number of species within a genus in explain-
ing accumulated extinctions. The model did not fit well, with the number of species per genus not being a significant predictor (p = 
0.87). We also ran separate n-order polynomial GLM-logistic regressions (with the Logit function) for total, HS and CS data for specific 
extinction drivers (n = 5 or less based on the number of positive points; detailed results for each of the extinction reasons are shown in 
Data S1 and Figure S2). Note, we used separate runs of these logistic regressions, instead of a single multinomial logistic regression, 
as these specific reasons are not mutually exclusive.
To compare the loss of taxonomic uniqueness between biodiversity HS and CS, we first summarized the number of extinction 
events for each genus within corresponding HS and CS. This information was then used to calculate the proportion of species 
lost within each genus within corresponding HS and CS. A Welch t test was then applied to test if taxonomic uniqueness losses differ 
between HS and CS. We applied Kruskal-Wallis tests to test whether the number of species as well as the average number of species 
per genus differ between HS and CS. These analyses were performed using R statistical software (R Core Team 2019).
DATA AND CODE AVAILABILITY
The published article includes all datasets and code for statistical models generated or analyzed during this study.
